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NASA T? E'-i3,7b5 

ECHO EFFECT I N  FCELATIVISTIC PLASMA 

XBSTR4CT, The e f f e c t s  of t i x e  echo i n  r e l a t i v i s z i c  e l e c ~ r ~ ~  
p l a sna  a r e  considered,  It is shown thax  r e p a t e d  e x c i z z t ~ o ?  

- .  of serong damping o s c i l l a t i o n s  i n  t h e  plasma can csuse s,:g"zu, 
long-wave damping echo o s c i l l a t i o n s .  The l i m i t i n g  e l e c - c r c ~  
speed e f f e c t s  t h e  shape of t h e  echo o s c i l l a t i o n s  when r e l a t i -  
v i s t i c  e f f e c t s  a r e  taken  i n t o  cons ide ra t ion ,  

Previous papers  [I-41 have reviewed echo oscillations i n  nonrela;Lvlb,;c - /786 - 
plasma. Maxwellian d i s t r i b u c i o n  was se l ecced  a s  t h e  unperturbec d i s t r i~ rx :Lo~  

func t ion ,  The e f f e c t s  of t ime and space echoes i n  plasma, occurr ing  ns e i-esc:, 

of t h e  r eacc ion  between two e x t e r n a l  p e r t ~ r b a t i o n s ,  were reviewe<, P e i ? ; c r S ~ ~ l o c a  

wi th  macroscopic magnitudes ( w i t h t h e d e n s i t i e s  of an  e l e c t r i c  charcje, f o r  cr:cr:->-e/ 

r e s u l t  i n  che e x c i t a t i o n  of n a t u r a l  o s c i l l a t i o n s  i n  t h e  plasma, the  cis-3ersi.o~ 

of which is def ined  by plasma p r o p e r t i e s ,  I f  e x t e r n a l  per-burbations :?i;;~; L ~ ~ -  L- c) - 
- - *  scop ic  magnitudes a r e  ass igned  d i s z r i b u t i o n  f u n c t i o n s ,  $or esam;3le, ecka CSGI,,G- 

t i o n s  w i l l  occur ,  t h e  d i s p e r s i o n  of which w i l l  be def ined  by t h e  nacure a< -c;;e 

e x t e r n a l  per turbac ions .  

'This p p e r  reviews echo o s c i l l a t i o n s  i n  c o l l i s i o n l e s s  e l e c t r o n  pPasnz, :%ri;z 

r e l a t i v i s t i c  e f f e c t s  taken  i n t o  cons idera t ion .  R e l a t i v i s t i c  e f f e c t s  s ~ s - c  S e  zz.!.cr;n 

i n t o  cons ide ra t ion  when temperatures  a r e  h igh  enough, t h a t  is, wizec -cte ;kercal 

energy of t h e  p a r t i c l e s  can no longer  be considered smal l  con:gared wl-5-i ;Be 20-cca- 
L 

t i a l  energy of t h e  p a r t i c l e s  (T - mc , where rn is t h e  e l e c t r o n  r e s t  i;.,c-ss), .,cnt - 
e 

e v e r ,  even i n  t h e  case  of nonre l a t iv i s - c i c  tempera tures ,  r e l a t i v i s x i ~  e c . ~ s i c . c ~ : ~ i l o a  

is necessary  when t h e  phenomenon i n  which we , a r e  i n t e r e s z e d  is a s soc fa t cu  ~ 2 c . h  

t h a t  p a r t  of t h e  p u l s e - p a r t i c l e  d i s t r i b u t i o n  f o r  which t h e  p a r t i c l e  s p e d  2s c c c -  

pa rab le  t o  t h e  speed of l i g h t  [5], 

1, Basic equat ions  

~ * Ion c o l l i s i o n s  and movements w i l l  be ignored i n  cons ider ing  echo csc:,lac:c,:s 

i n  a r e l a t i v i s t i c  e l e c t r o n  plasma, We s h a l l  l i m i t  ourse lves  -LO consi5s=a-~;cn o; 

l o n g i t u d i n a l  o s c i l l a t i o n s .  Let LS s e l e c t ,  a s  our  o r i g i n a l  s e t  of e q u z - ~ ~ o c s ,  tA?a 

- 
* Kcrnbers i n  t h e  margin i n d i c s t e  pag ina t ion  i n  t h e  f o r e i g n  tex-G, - 



k i n e t i c  equat ion  f o r  t h e  e l e c t r o n  d i s t r i b u t i o n  f u n c t i o n  and t h e  equa;,sn C c r  czc 

s e i f - c o n s i s t e n t  e l e c t r i c  f i e l d  

S 0 div = 4rie dqf i- 411.~ , 
. - . ,  

where 
0 

p is t h e  d e n s i t y  of t h e  e x t e r n a l  charges ;  

f  is t h e  discrepancy between t h e  d i s t r i b u t i o n  funccion and the  f,r.zz-o. f,. 
4 

corresponding t o  t h e  unperturbed d i s t r i b u t i o n ,  f o r  which l e t  us  xse tax 

p a r t i c l e  d i s t r i b u t i o n  f u n c t i o n  f o r  a  r e l a t i v i s t i c  p e r f e c t  gas LrL -cei-Rs c f  

pu l se s  : 

2 
Here ~ ~ ( m c  /T ) is t h e  McDonald f u n c t i o n ,  and n  is che e lecxroa  co~cea-~:-aCo;., 

e  

We s e l e c t  t h e  d e n s i t y  of t h e  e x t e r n a l  charges i n  t h e  form /789 - 

t h a t  i s ,  we t a k e  it t h a t  t h e  e x t e r n a l  p e r t u r b a t i o n s  a r e  de l ive red  t o  che ->;ss,:z 

a t  t imes t = 0 ,  and t = 7 ( W  is an  a r b i t r a r y  magnitude having -die di:~ecsicnail-cy 
0 

of frequency) ,  

Using a  Four i e r  t ransform i n  terms of coo rd ina t e s ,  and a  Laplazian E a  zerxs 

of t ime,  f o r  Eq. (11,  we have,  i n  a  l i n e a r  approximation 

." - 
~ 6 ~ -  4xi dczi 

k% ( k ,  ip) p +  ikv ' 
where 

c ( k , i p )  is  t h e  l o n g i t u d i n a l  p e r m i t t i v i t y  f o r  t h e  plasma, 

2 
For r e l a t i v i s t i c  plasma ('I' < mc i n  t h e  case  of long-wave oscl-ii~:bar,s 

e  - 
(ak < 1, where a  is t h e  Debye e l e c t r o n  r a d i u s  s f  s c reen ing )  t h e  equa-cion 



e ( k , i p )  = 0 has t h e  s o l u t i o n  

7.. .m 
In  t h i s  case ,  t h e  frequency of plasma o s c i l l a t i o n s  and t h e  decrement can be found 

by using t h e  formulas [5]  
. - . . . w  ' 
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2 
For n o n r e l a t i v i s t i c ,  and s l i g h t l y  r e l a t i v i s t i c  plasma ( T ~  < mc , i n  t h e  case 

of long-wave o s c i l l a t i o n s  (ka < 11,  the  frequency and t h e  decrement equal 

Readily seen is t h e  f a c t  t h a t  when w/k < c ,  t h e  expression f o r  Y is converted 

i n t o  an expression f o r  t h e  Landau decrement i n  a n o n r e l a t i v i s t i c  plasma. We note 

t h a t  i n  a s l i g h t l y  r e l a t i v i s t i c  plasma, r e l a t i v i s t i c  considerat ion is necessary 

f o r  waves, the  phase ve loc i ty  of which can be compared with t h e  speed of l i g h t .  

The bas ic  dependency of f i e l d  ~ ( l )  on time i n  t h i s  case w i l l  be exponential ,  with 

frequencies and decrements found by using Eqs. (6)  and (71, because the  con t r i -  

bution of t h e  branch points  can be ignored i n  t h i s  case [61. The contr ibut ion L790 
2 9 of t h e  branch points  is s i g n i f i c a n t  a t  temperatures f o r  which T > mc (Te > 10 OK), 

e c V  
according t o  [61. I n  what follows we w i l l  consider t h e  e l e c t r o n  temperature t o  be 

s o  small compared wi th  e lec t ron  p o t e n t i a l  energy t h a t  t h e  contr ibut ion of the  

branch p o i n t s  can be ignored. 



2 E r n e  echo in plasma 

If we cake the nonlinear summands in terms of the exzernal pc--c,--a~~ic~:s 

Eq, (I) we will have 

- - for field anlplitude in the second approximation. Were 7 )  = (k2v/liv;c . AA 

integration is made in terms of p t  and p ,  we take it 'chat the concr,cio-a ̂ /  T1"di,; / 1, 
X I 

is satisfied, whereas this condition can be viola~ed for yT (when o/,< - c , y -. 2 ; -  

Therefore, the pole from €(k,ip) = 0 is taken into consideration a:ons w;aa zA:e 

pole p = -ikv when integration is in terms of p, 

Let us consider further that k is antiparallel to k,, and "L:;a-c k-, > !i: , Scw 2 ... .... .. 
k = k - k and T = (k /k2 - k1 17. It is desirable to change fro-, jilse incig--a- 2 1 ' 2 
tion to speed integration in Bq, (81, using the relationship 

S S S  
-03 -CO -CD 

- v2/c2)5/2 is a Jacobia:. transition. After double ~ ~ T C C I - ~ ~ ~ G L  TiB 



A s  discinc-t: from the  non re l a t i v i s t i c  case ,  in tegrat ion with respecr, :G c2e L~: Ic , - -  

tudinal  conzponent of speed is car r ied  out within f i n i t e  l i m i t s ,  Tiis L'e&z~--c coas 

not permit us t o  use the  methods s e t  f o r t h  i n  fl-41, 

I - - 
Let us use the  method of s teepes t  descents ( k s , t  - T'  ks"c li) ,7j -cc c;;- 

I / 
cu la te  the  Eq, (10) Zntegrals, If f o r  example, we subs t i t u t e  the vsrLzZle v = 

Z 

s/{ (s is zlze e lec t ron  thermal speed) i n  1 we have 
3. 

The index of the  exponent i n  Eq. (11) has points of s teepes t  Cescer,;;~ i = = s//z 

(s/2c) l/3 /Cks(t - 2 
e i ( n / 6 ) s 1 ~ r . ( i  - ~~1 

Let us cefora zhe ;a:n of L ~ - c e -  

grat ion i n  Eq, (11) i n  the  complex plan€ 5,  and l e t  us a t  the same t l c a  e l rc~ l r ; \ i in :  

the  pole corresponding t o  the  zeros E C -il, -lcl (s/S ) I, E [k2 ,k, ( s f i  1 2 ,  z-:d 
81 * 

~Clc ,k ( s f i ) l .  hie w i l l  xake it t h a t  the  condition k s i t  - 7 1 % l has beex i ; r l s f - u d e  
I I 

" a I"es easy t o  show tha t  the  porkion from the  points of steepxi-; ciezceli; 1s ;::- 

n a t e r i a l ,  and t h a t ,  a t  the same time, the  poles corresponding t o  -L:e ~el-cs 

E[-k s ]  when t < T' ,  and E[k2,k2 ( s / S ) ] ,  €[k ,k  (SL)])  t ~ h i - 2  Z > 7 -  ~ l : r i c  
1 

the pr inc ip le  contribution t o  Eq, (11). It can be shown i n  s imi la r  I s s k i o n  T ~ L X  

I2 i n  Eq, (10) makes no contribution t o  the  f i e l d  of echo o sc i l l a t i ons ,  

Let us derive expressions f o r  the  f i e l d  of echo o sc i l l a t i ons  fo- a cu5oer  of 



concrete cases, 

- -, * 
1, L e t  us s e l e c t  wave numbers k  l ,  li2, and k, s ~ c h  thaz fl/k7, 2 / x p  - L / - L  < 

A. Lt 

c ( ~ ~ 7 ,  y 2 i ,  y i  % 1). i e  w i l l  take it t h a t  the  conditions a:<. akq < i A:~\c 
1' u 

been s a t i s f  ied, Le-i; us puc ii = I<, li = 2k, Then, when t > 7 C ~ C  CS-?-L- -L~~~~:O.~ 
I 2 

-I 
fro- -ihe pole E Ck,, (li2s/$ ) ] c a -  be ignored, because Y > v. The e,rp:csslsrr -?a: 

d 2 

the f i e l d  of echo o sc i l l a t i ons  i n  t h i s  case w i l l  be i n  the  Xorm 

3/2 
32n3 eQ1Q2T GI3 - 

E") (P, 20 = - i -- - e- yl~- t ' f  \ r  r., 3 tno2,k-2 

N 
(rz j 

x cos [Q (C - T') + 91, 

where phase Cp can be found by using the re la t ionsh ip  

2 
In  t h k  case of a  s l i g h t l y  r e l a t i v i s t i c  plasma (T < mc ) 

e 

Srnce k  = k ,  the  shape of the  echo s igna l  is symmetrical ~ 5 t h  ressec t  -GG ~ l s e ,  
I 

" 

We note Ynat whena/k < c ,  Eq. (12) coincides with the  excression foo- trAc ;~e-a 
- ~ - -  1 

of Langxiuir echo o sc i l l a t i ons  f o r  non re l a t i v i s t l c  plasma obtainee e a r ~ ~ e - -  ~ i i  ,,,, 

2 ,  Let us s e l e c t  wave numbers f o r  ;he external  pel-turbatiocs k 2nd I<, s x h  
& ..4 

tha-b g/?i d/'1i2 < C ,  and t h a t  t h e i r  d i f f i rence k  = k - k is such rka; "Lke C G S ~ L -  
h ' 2 l 

~ o n f J k  5 c ,  is s a t i s f i e d ,  Moreover, we w i l l  t d i e  it t h a t  the  cozdl"ic::s u,-: 
& 

ak 9 3,  ak 1 are  s a t i s f  Led. Ynen the poles corresponding t o  the scl;-:,c~s 
2 

E(-k , i p )  = 0 ,  and E(k2, ip)  = 0 w i l l  describe the  heavily d a ~ p e d  cscL;_a.-~~or,s~ 
1 

- "  - 
and the  pole corresponding t o  the  equation s { k , i p )  = 0 w i l l  descrtbe T.L:~ s,;~~~-c...y 

damped osc i l l a t ions .  Readily seen is the  f a c t  t h a t  when t <  r P ,  -;he f L e l d  0," echo 

o sc i l l a t i on  w i l l  increase sharply ,  and then w i l l  decrease slowly w h e : ~  -G > 7"@, 

The expression f o r  the  f ,alb of echo o sc i l l a t i ons  when t > T* is In -;ha l o r : r  



- - ii3en G/l< -) c 2/ -> 0 ,  the  echo o sc i l l a t i ons  t h a t  do occur decrease s;ci;;y ~s;-,-~ ,- .,, 

3 .  If che wave numbers of the  external  pe i~ tu rba t io r~s  , k and k, , LC* ~ c i i c  I L 
,-4 

such that O/ic 0/1i 5 C ?  and i f  9 c ,  -then the  pole correspondirig -ci; -ae 20-e- 
l ' 2 

t i o n  of equaxion € (k,kv ) = 0 l i e s  outside the  contour of Lneegraaic~:, 12 -:li2s 
2 

case the  expression f o r  the  f i e l d  of echo o sc i l l a t i ons  is i n  the  f c r x  

(t-?')YJ 
COS 

Frequency and decrement can be found by using Eq, (6)- 

Tnus, e lec t rons  with a l imi t ing speee i n  a r e l a t i v i s t i c  plasxa >&avs a a 5 ~ -  

n i f i c an t  e f f e c t  on the  shape of the  ecno o sc i l l a t i ons ,  L793 

* .  In conclusion, we wish t o  .express our deep appreciat ion t o  C~i-;-espoci;;n$ .Llc;nScr 

of the  Academy of Sciences of the  Ukrainian SSSR A,  G ,  Sitenlco $or h i s  i ~ z c - e s :  
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